Anterior segment dysgenesis (ASD) comprises a heterogeneous group of developmental abnormalities that affect several structures of the anterior segment of the eye. The main purpose of this study was to assess the proportion of FOXC1 and PITX2 mutations and copy number changes in 80 probands with ASD. METHODS. The patients were examined for FOXC1 and PITX2 copy number changes and mutations using MLPA (multiplex ligation-dependent probe amplification) and direct sequencing. Subsequently, the identified copy number changes were fine-mapped using high-resolution microarrays. In the remaining mutation-negative patients, sequencing of the FOXC1 and-PITX2 3Ј untranslated regions (UTRs) and three other candidate genes (P32, PDP2, and FOXC2) was performed. RESULTS. Thirteen FOXC1 and eight PITX2 mutations were identified, accounting for 26% (21/80) of the cases. In addition, six FOXC1 and five PITX2 deletions were found, explaining 14% (11/80) of the cases. The smallest FOXC1 and PITX2 deletions were 5.4 and 1.6 kb in size, respectively. Six patients carrying FOXC1 deletions presented with variable extraocular phenotypic features such as hearing defects (in 4/6) and mental retardation (in 2/6). No further genetic defects were found in the remaining mutation-negative patients. CONCLUSIONS. FOXC1 and PITX2 genetic defects explain 40% of our large ASD cohort. The current spectrum of intragenic FOXC1 and PITX2 mutations was extended considerably, the identified copy number changes were fine mapped, the smallest FOXC1 and PITX2 deletions reported so far were identified, and the need for dedicated copy number screening of the FOXC1 and PITX2 genomic landscape was emphasized. This study is unique in that sequence and copy number changes were screened simultaneously in both genes. (Invest Ophthalmol Vis Sci. 2011;52:324 -333)
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Axenfeld-Rieger malformations (ARMs) represent a subgroup of ASD and refer to a group of autosomal dominant inherited disorders, affecting structures in the anterior eye segment derived from the neural crest. Apart from the classic ocular features, such as abnormal angle tissue, a hypoplastic or malformed iris, multiple pupils (polycoria), an elongated pupil (corectopia), and/or a posterior embryotoxon, ARM is often associated with systemic defects including dental, facial, and/or periumbilical abnormalities. 1, 4 The major disease burden, however, brings with it the high risk of glaucoma, which develops in approximately 50% of ARM patients, potentially leading to visual loss or even blindness. 1, 4 ARM is genetically heterogeneous and has been associated with mutations in at least two transcription factor-encoding genes (FOXC1, PITX2) and with two known additional genetic loci (13q14, 16q24). [5] [6] [7] [8] The association between ARM and PAX6 in a patient with Rieger syndrome has been revised recently and appears to be incorrect. 9, 10 It has been postulated that diseasecausing mutations and copy number changes in FOXC1 and PITX2 account for less than 40% of the patients with ARM. However, this estimation should be interpreted with care, as it is based on studies involving small cohorts. Moreover, most studies did not include copy number analysis, which may have led to an underestimation of the contribution of FOXC1 and PITX2 in the molecular pathogenesis of ARM (reviewed in Ref. 4 and references therein). To date, 46 intragenic FOXC1 and 41 intragenic PITX2 mutations have been described, reflecting substantial allelic heterogeneity. 4 In addition, several chromosomal rearrangements and copy number changes have been described in the FOXC1 and PITX2 genomic landscape (Ref. 11 and references therein and Refs. [12] [13] [14] [15] . Both FOXC1 gene deletions and duplications have been associated with ARM, underlining the need for a correct gene dosage for normal development of the anterior eye segment. 16, 17 In 2006, FOXC1 and PITX2 were shown to be co-expressed in the periocular mesenchyme. 18 Moreover, biochemical and subcellular localization assays demonstrated that these proteins physically interact with each other in a common complex on the chromatin. Apparently, PITX2 negatively regulates the functional activity of FOXC1, and, furthermore, functional assays have shown that PITX2 loss-of-function mutants lose their ability to inhibit FOXC1. 18 Additional studies designed to identify and define other members of the PITX2 and FOXC1 molecular pathways are critical in shaping our understanding of the molecular pathogenesis of ARM and in identifying novel candidate genes. Several co-expressed genes, direct protein interaction partners, upstream transcriptional regulators, and downstream transcriptional targets have been identified, such as P32, PDP2, and FOXC2. 19 -24 The splicing factor SF2-associated protein (P32), for example, was isolated as a putative FOXC1-interacting protein by using a human trabecular meshwork (HTM) yeast two-hybrid (Y2H) cDNA library assay. 23 Huang et al. 23 demonstrated that this multicompartmental and multifunctional protein inhibits FOXC1 mediated transcriptional activation in a dose-dependent manner. Moreover, an impaired interaction was noted between the mutant FOXC1 protein p.Phe112Ser and P32. The pyruvate dehydrogenase phosphatase 2 gene (PDP2), in turn, was identified as a direct downstream target of PITX2 in a hormone-inducible PITX2 expression system in nonpigmented ciliary body cells (NPCE) (Strungaru MH et al. IOVS 2007;48:ARVO E-Abstract 3212). PDP2 encodes an enzyme from the pyruvate dehydrogenase complex (PDC), which is implicated in pyruvate decarboxylation within the mitochondria. FOXC2 is also thought to be involved in the FOXC1 pathway, as FOXC1 and FOXC2 show coordinated function and are co-expressed in the mesenchyme from which the ocular drainage structures are derived. 24 The primary purpose of this study was to assess the prevalence of disease-causing FOXC1 and PITX2 mutations and copy number changes in a large cohort of 80 probands with ASD, mainly of Belgian-Dutch origin. Moreover, we sought to further characterize the identified copy number changes using highresolution targeted microarrays, to assess the potential correlation between the extent of the deletions and disease severity.
In patients without coding FOXC1/PITX2 intragenic mutations or copy number changes we sequenced the 3ЈUTRs, as these may harbor important regulatory pathogenic or modifying variants. In addition, genes encoding proteins involved in the same pathways as FOXC1 and PITX2, were considered to be plausible candidate genes in the remaining patients. To this end, we explored the putative involvement of three such candidate genes, P32, PDP2, and FOXC2, in the molecular pathogenesis of ASD.
METHODS

Patients
The cohort consists of 80 diagnostic referrals for ARM derived from different ophthalmology clinics and genetics centers. More than 60% of the cohort originates from Belgium or the Netherlands. The study complied with the guidelines set forth in the Declaration of Helsinki.
The clinical records were reinspected for those patients in whom we identified a molecular defect involving FOXC1 or PITX2. Of the 32 mutation-positive patients 12 (37.5%) were examined locally.
Direct Sequencing of PITX2a, FOXC1, P32, FOXC2, and PDP2
Primers were designed or selected from the literature to amplify the coding exons and intronic splice site junctions of PITX2a (NM_153427.1), FOXC1 (NM_001453.2), P32 (NM_001212.3), PDP2 (NM_020786.1), and FOXC2 (NM_005251.2) (primers available on request). PITX2 consists of seven exons and can give rise to four alternative transcripts (PITX2A, B, C, and D). 25 We sequenced the coding region of PITX2A. In addition, primers were designed to generate overlapping amplicons covering the 3ЈUTR of FOXC1 and PITX2 (primers available on request). PCR products were sequenced in both directions with dye-termination chemistry (BigDye ver. 3.1 terminator cycle sequencing kit; Applied Biosystems, Inc.
[ABI], Foster City, CA). Sequencing reactions were loaded on a genetic analyzer (model 3100 or 3730 with Sequencing Analysis ver. 3.7 and SeqScape ver. 1.1; ABI). PITX2a and FOXC1 were sequenced in all patients. The amplicons in which we identified amino acid-altering variants were sequenced in 100 control samples to evaluate their significance. The 3ЈUTRs were sequenced in 40 patients negative for coding FOXC1/PITX2 mutations or copy number changes. The remaining patients were not screened for the 3ЈUTRs because of a lack of sufficient DNA. Downstream screening of P32, PDP2, and FOXC2 was performed for a pilot group of 31 probands without identifiable FOXC1/PITX2 changes.
Sequence Variation Evaluation and Nomenclature of Mutations
The presence of all mutations was confirmed on a second PCR product. Segregation analysis of disease alleles was performed if possible. Thorough bioinformatic evaluation of novel variants was performed (Alamut software, ver. 
Multiplex Ligation-Dependent Probe Amplification
MLPA permits relative quantification of changes in copy number of specific genomic regions. 28 The P054 probe mix includes probes for the TWIST1, FOXL2, FOXC1, FOXC2, ATR, PITX2, and OA1 genes. More specifically, it contains three probes for PITX2, two probes for FOXC1, and two probes for FOXC2. MLPA was performed in accordance with the manufacturer's instructions (MRC Holland; Amsterdam, The Netherlands).
Copy Number Analysis Using 250K SNP Arrays
Three PITX2 deletions identified using MLPA were subsequently delineated using 250K NspI SNP arrays (Affymetrix, Santa Clara, CA). Processing of the samples, quality control, and SNP copy number assessment was conducted by an Affymetrix Service Provider (CNAT 4.0 software; DNA Vision, Charleroi, Belgium). The results were subsequently visualized in arrayCGHbase. Hybridizations were performed according to the manufacturer's instructions, with minor modifications. 30 The results were subsequently visualized in arrayCGHbase.
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RESULTS
FOXC1 and PITX2 Screening
Molecular screening of FOXC1 and PITX2 in 80 probands with ASD resulted in the identification of mutations in 32 (40%) of 80 patients. In particular, an FOXC1 mutation/copy number change was detected in 19 (24%) patients, and a PITX2 mutation/copy number change was detected in 13 (16%) patients. The mutations are listed in Table 1 with novel mutations represented in bold. Copy number changes are listed in Table 2 .
In FOXC1 we identified 13 mutations in 13 unrelated probands: 3 nonsense, 7 frameshift, and 3 missense mutations ( Table 1, Fig. 1 ). To the best of our knowledge, 12 of 13 are novel. In general, nonsense and frameshift mutations were considered to be pathogenic. The effect of three missense mutations (p.Met109Val, p.Ser131Trp, and p.Lys138Glu) on protein function was more difficult to assess, and computational programs were used to predict their pathogenic character (Supplementary Material S1, http://www.iovs.org/lookup/ suppl/doi:10.1167/iovs.10-5309/-/DCSupplemental). All three mutations are located within the highly conserved DNA-binding forkhead domain (Supplementary Material S2, http://www. iovs.org/lookup/suppl/doi:10.1167/iovs.10-5309/-/DCSupplemental) and probably affect the DNA-binding capacity. Although the compu- two partial and four total FOXC1 gene deletions with MLPA, which were further characterized by targeted microarray (Figs.  2, 3 ; Table 2 ). There was a scattered location of the breakpoint regions, and the deletions appeared to be at maximum 4.7 Mb, 3.4 Mb, 2.6 Mb, 84 kb, 34 kb, and 5.4 kb in size.
Within PITX2, we identified eight different mutations: five nonsense, one frameshift, one missense, and one splice site (Table 1 ; Fig. 4) . Overall, six of eight mutations are novel. As for FOXC1, the nonsense and frameshift mutations identified in PITX2 are believed to have a major effect on the protein function and, hence, were considered pathogenic. The missense mutation p.Phe58Leu is located within the evolutionarily conserved DNA-binding homeodomain (Supplementary Material S2, http://www.iovs.org/lookup/suppl/doi:10.1167/ iovs.10-5309/-/DCSupplemental) and Polyphen and SIFT analysis assign this substitution as "possibly pathogenic" and "not tolerated," respectively (Supplementary Material S1, http:// www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-5309/-/ DCSupplemental). Although the Grantham score suggests a minor impact, the overall results are in favor of a pathogenic character. Moreover, this variant is de novo, as it was not found in the DNA from both unaffected parents, and it was absent in 100 control samples. Sequence analysis of the PITX2 3ЈUTR revealed several known SNPs and one putative pathogenic variant, which was not registered as a known SNP, in a patient of Caucasian origin. However, the de novo character of this latter variant could not be assessed because of the lack of parental DNA. Furthermore, one partial and four total PITX2 deletions were identified by MLPA. The partial deletion spanned one of four MLPA probes and appeared to be de novo. The PITX2 deletions were further delineated with 250K SNP arrays (Affymetrix) or targeted 60K arrays (Agilent). This method enabled characterization of the extent of all five deletions (Fig. 5) . The breakpoints were scattered and the maximum size of the deletions were 2.5 Mb, 2.8 Mb, 1.1 Mb, 286 kb, and 1.6 kb (Figs. 3, 5 ; Table 2 ).
The corresponding ocular and extraocular phenotypes of patients with established genotypes are provided in detail in Tables 1 and 2 .
Sequencing Analysis of Selected Candidate Genes
Downstream screening of a pilot group of 31 probands without identifiable FOXC1/PITX2 changes consisted of sequencing three candidate genes P32, PDP2, and FOXC2. Apart from known SNPs, we identified one sequence variant within PDP2 (c.1083GϾA, p.Arg361His). However, this variant was not classified as pathogenic, based on several in silico predictions. Polyphen predicted this variant to be benign, and according to SIFT predictions, the protein substitution is tolerated. In addition, the Grantham distance of this substitution was only 29.
Because of the lack of pathogenic sequence variants in this pilot group of patients, we refrained from screening additional patients.
DISCUSSION
Molecular screening of FOXC1 and PITX2 in a large cohort (80 probands with ASD) led to the identification of the underlying molecular defect in 40% of the patients. This study is unique in that we simultaneously screened for sequence changes (coding region and 3ЈUTRs) and copy number changes in both genes. Twelve novel FOXC1 and six novel PITX2 mutations extend the spectrum of 46 and 41 reported intragenic FOXC1 and PITX2 mutations, respectively. Of note, most of the reported mutations in these two genes are unique, emphasizing their allelic heterogeneity.
The single-exon gene FOXC1 is located on chromosome band 6p25 and encodes a forkhead transcription factor. It is a member of a gene family that is characterized by an evolutionarily conserved 110 amino acid (AA), DNA-binding forkhead domain (FHD). Apart from this FHD, FOXC1 contains a terminal protein sequence of unknown function that is conserved up to Xenopus. 2 We identified six novel mutations within and six novel mutations downstream of the FHD. When all known and novel FOXC1 mutations were taken into account, missense mutations were the most common (45%), whereas frameshift mutations were overrepresented outside the FHD.
The PITX2 gene, located on 4p25, encodes a member of the bicoid class of homeodomain (HD) proteins and was the first gene to be associated with ARM. 7 This gene consists of seven exons and can give rise to four alternative transcripts (PITX2A, B, C, and D). 25 The PITX2A protein, which is expressed in the developing eye, can be subdivided into five regions; two activation domains (AD), one homeodomain (HD), and two inhibitory domains (ID). 31 In general, frameshift and nonsense mutations in PITX2 are scattered along the coding region, whereas most missense mutations are restricted to the DNAbinding HD. We identified five mutations that are presumed to affect the DNA-binding capacity of the HD severely. Furthermore, we identified two nonsense mutations within the ID1. The latter mutations left the HD intact, but completely ablated ID1, ID2, and AD2. Taking into account all known and novel PITX2 mutations, missense mutations appeared to be the most prominent (45%). It is noteworthy that more than half of the mutations were located within the HD (62%).
Both FOXC1 and PITX2 mutations can be associated with a wide spectrum of anterior segment phenotypes that do not differ significantly. Moreover, there is inter-and intrafamilial variable expressivity for certain point mutations, 32, 33 and mutations in either FOXC1 or PITX2 are prevalent in different clinical subgroups of the ASD spectrum (Supplementary Material S3, http://www.iovs.org/lookup/suppl/doi:10.1167/ iovs.10-5309/-/DCSupplemental; Fig. 6 ). 6, 34 In this study, MLPA revealed six FOXC1 and five PITX2 deletions. The FOXC1 deletions can be added to the relatively large number of chromosomal rearrangements involving 6p25, but only a handful of these have been accurately characterized at the molecular level 12, 35 (as reviewed in Ref. 11). Recently, 10 duplications and deletions spanning FOXC1 were delineated in detail using targeted oligonucleotide arrays and detailed junction analysis. These rearrangements were nonrecurrent and a spectrum of recombination, DNA repair and replication were presumed to underlie these 6p25 rearrangements. 12 In this study, we further assessed the extent of the deletions with a targeted microarray and compared their location and extent with those described by Chanda et al. 12 (Figs. 2, 6 ).
To date, only 14 microscopic or submicroscopic deletions spanning PITX2 have been reported, and the extent of these was further defined at the molecular level in only 6 of 14 cases. 4, [13] [14] [15] We delineated five PITX2 deletions by using arrays and subsequently compared them with deletions described previously (Fig. 5) . The location of the breakpoints is scattered, which is indicative of the absence of a recombination hotspot. Such nonrecurrent rearrangement events may be explained by nonhomologous end joining (NHEJ), alternative NHEJ (alt-NHEJ), fork stalling and template switching (FoSTeS), or variations on these models as possible underlying mechanisms. 12, 36 Of interest, there appeared to be no phenotypic differences between patients with intragenic PITX2 mutations and PITX2 deletions (Tables 1, 2 ). Furthermore, it should be noted that the patients carrying relatively large deletions had normal intelligence and did not display other obvious extraocular congenital malformations (Table 2 ). Based on the latter observation, we presume that no other dosage-sensitive genes are located in the PITX2 neighboring region.
Our study not only provides substantial molecular and clinical data, but also demonstrates that deletions in the FOXC1 and PITX2 region can most easily be detected using MLPA with a commercially available probe mix. However, other techniques can be used to identify such copy number changes, including microsatellite analysis, quantitative PCR (qPCR), and copy number screening with microarrays. Microsatellite analysis has been successfully applied to identify PITX2 copy number changes by Lines et al., 15 but the major drawback for this is the need for parental DNA. 15 A better option is copy number screening using qPCR, which is flexible and comes at a relatively low average cost. 37 High-density (targeted or genomewide) oligonucleotide arrays may be regarded as the ultimate alternative to MLPA and qPCR, but these arrays are still relatively expensive and require more hands-on time. On the other hand, they allow the assessment of the extent of the copy number change. Finally, the use of genomewide microarrays may lead to the identification of novel candidate regions.
Recently, Tümer and Bach-Holm 4 generated a decision-tree aimed at selecting the most cost-effective diagnostic strategy for patients with a tentative diagnosis of ARM. However, in our diagnostic setting we perform direct sequencing of the open reading frames (ORFs) and MLPA in parallel. In our view, this is the most cost-and time-efficient strategy, leading to the identification of the underlying molecular defect in at least 40% of the diagnostic referrals for ARM.
The large proportion of molecularly unsolved ASD patients indicates the involvement of other genes in the molecular pathogenesis of anterior segment malformations. Hence, mutation screening of three plausible candidate genes (P32, PDP2, and FOXC2) was undertaken in a pilot group of molecularly unsolved patients, but did not reveal any pathogenic mutation. Future strategies toward disease gene identification may include massive parallel sequencing of a spectrum of genes involved in ocular development, or high-resolution genomewide microarray-based copy number profiling for the identification of disease causing copy number changes. The latter strategy was applied with success in Peters Plus syndrome, an autosomal recessive disorder characterized by ante- rior eye chamber abnormalities, disproportionate short stature, and developmental delay. 38 To our knowledge, a systematic genomewide search for new copy number variations (CNVs) in ASD patients has not yet been performed, and might lead toward the identification of novel ASD disease genes.
In conclusion, there were underlying FOXC1/PITX2 genetic defects in 40% of our large ASD cohort. We considerably extended the current spectrum of intragenic FOXC1/PITX2 mutations and copy number changes, identified the smallest FOXC1/PITX2 deletions reported so far, and emphasized the need for dedicated copy number screening of the FOXC1 and PITX2 genomic landscape in ASD. Finally, mutations in the 3ЈUTR of FOXC1and PITX2, and in the ORF of P32, PDP2, and FOXC2 did not play a major role in the ASD cases examined in this study.
